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Progression from brown preadipocytes to adipo-
cytes engages two transcriptional programs: the
expression of adipogenic genes common to both
brown fat (BAT) and white fat (WAT), and the expres-
sion of BAT-selective genes. However, the dynamics
of chromatin states and epigenetic enzymes involved
remain poorly understood. Here we show that
BAT development is selectively marked and guided
by repressive H3K27me3 and is executed by its
demethylase Jmjd3. We find that a significant subset
of BAT-selective genes, but not common fat genes or
WAT-selective genes, are demarcated by H3K27me3
in both brown and white preadipocytes. Jmjd3-cata-
lyzed removal of H3K27me3, in part through Rreb1-
mediated recruitment, is required for expression of
BAT-selective genes and for development of beige
adipocytes both in vitro and in vivo. Moreover,
gain- and loss-of-function Jmjd3 transgenic mice
show age-dependent body weight reduction and
cold intolerance, respectively. Together, we identify
an epigenetic mechanism governing BAT fate deter-
mination and WAT plasticity.
INTRODUCTION
Cell lineage commitment and differentiation are initialized and
maintained not only by lineage-specifying transcription factors
and co-factors, but also by chromatin states. A key determinant
of chromatin states is histonemodification pattern, which reflects
gene expression status and cell type definition. HistoneH3 Lysine
27 trimethylation (H3K27me3) and H3 Lysine 4 trimethylation
(H3K4me3) are two prominent histone modification marks. Their
deposition and erasure are respectively catalyzed by specific his-
tone methyltransferases and demethylases (Black et al., 2012;
Mosammaparast and Shi, 2010). Whereas H3K27me3 features
silenced promoters, H3K4me3 is associated with active pro-
moters (Schuettengruber et al., 2007; Shilatifard, 2012). Inter-
estingly, in embryonic stem (ES) cells, a large portion of genes
modified by H3K27me3 are also marked by H3K4me3, and568 Developmental Cell 35, 568–583, December 7, 2015 ª2015 Elsevmost of these so-called bivalent domain-containing genes
encode transcription factors and signaling molecules of develop-
mental importance. These observations lead to the suggestion
that bivalent domains position genes in a poised state that allows
for either timely activation or stable silencing in response to devel-
opmental cues and/or environmental stimuli (Bernstein et al.,
2006;Mikkelsen et al., 2007; Voigt et al., 2013). Interestingly, biva-
lent domains appear to be much less common in lineage-
committed progenitor cells (Asp et al., 2011; Lien et al., 2011;
Mikkelsen et al., 2007), thus their importance in terminal differen-
tiation and/or postnatal tissue development is not well under-
stood. Moreover, although genome-wide H3K27me3 maps have
been charted in a number of cell types, the relationships between
H3K27me3 and cell-type-specific gene expression are mostly
correlative, and causative and precise roles of this mark in a vari-
ety of terminal differentiation processes remain largely unclear.
BAT and WAT are two functionally distinct types of adipose
tissue that serve as well-characterized systems for the investiga-
tion of mechanisms of cell differentiation and developmental
plasticity. BAT is specialized for energy expenditure by dissi-
pating energy as heat in a process called nonshivering ther-
mogenesis that is critically dependent on the expression of
mitochondrial inner membrane protein Ucp1. In contrast, the
primary function of WAT is to store excess energy in the form
of triglycerides. However, certain WAT depots, such as subcu-
taneous inguinal WAT (iWAT), display considerable plasticity
and can be converted into brown-like (also named as beige or
brite) adipocytes at proper conditions (Kajimura et al., 2015).
Studies in recent years have demonstrated that adult humans
possess both BAT depots and beige adipocytes and their activ-
ities are inversely associated with human obesity (Kajimura et al.,
2015), raising the idea that increasing BAT activity or promoting
browning ofWATmight hold promise for the treatment of obesity
and associated metabolic diseases.
While less is known about how Myf5+Pax7+ progenitor cells
are fated and progressed into brown preadipocytes during
lineage commitment (Lepper and Fan, 2010; Seale et al.,
2008), we have a great deal of molecular understanding of the
terminal differentiation process from preadipocytes to mature
adipocytes. In brief, terminal differentiation of brown adipocytes
ultimately requires simultaneous execution of two inter-
twined transcriptional pathways. One is the Pparg pathway
that was initially elucidated from studies of white adipocyte dif-
ferentiation (Cristancho and Lazar, 2011; Farmer, 2006; Rosenier Inc.
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Figure 1. BAT-Selective Genes, but Not Common Fat Genes or WAT-Selective Genes, Are Demarcated by H3K27me3 in Brown Preadi-
pocytes
(A) H3K27me3 peak distribution in brown preadipocytes and mature adipocytes.
(B) H3K27me3 signal tracks are shown for representative fat gene loci in brown preadipocytes and mature adipocytes. Small black boxes and arrows depict the
first exon and transcript orientation, respectively. Numbers at the top left of each graph represent the number of reads.
(legend continued on next page)
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and MacDougald, 2006; Tontonoz and Spiegelman, 2008).
Pparg drives the expression of adipocyte genes that are com-
mon to both WAT and BAT, and is essential for adipogenesis
of both fat types. The second pathway is the expression of
BAT-selective genes including Ucp1.Whereas several transcrip-
tional components have been identified that are capable of di-
recting both pathways, the second pathway is primarily
controlled by BAT-enriched transcriptional co-activators
Prdm16 and Pgc-1a and b (Cristancho and Lazar, 2011; Farmer,
2008; Harms and Seale, 2013; Harms et al., 2014; Kajimura et al.,
2010; Puigserver et al., 1998; Seale et al., 2007); interestingly,
none of these co-activators is required for adipogenesis per se
(Seale et al., 2007; Uldry et al., 2006). Thus, it appears that, at
least to some degree, BAT-selective gene expression program
is governed by dedicated molecular mechanisms that do not
affect the expression of common fat genes. Despite these
tremendous advances, our understanding of how chromatin
structure influences WAT and BAT development has only begun
to emerge, and much remains to be explored (Mikkelsen et al.,
2010; Ohno et al., 2013; Teperino et al., 2010). Here our studies
performed both in vitro and in vivo provide molecular insights
into the following questions: (1) whether BAT-selective genes
and common fat genes possess distinct chromatin marking; (2)
whether BAT development and maintenance are orchestrated
by dynamics of histone methylation, and if so, what the respon-
sible epigenetic enzymes are and how they are recruited to
target genes; and (3) whether epigenetic mechanisms play a
part in WAT plasticity.
RESULTS
H3K27me3 Demarcates a Subset of BAT-Selective
Genes, but Spares Common Fat Genes and WAT-
Selective Genes, in Brown Preadipocytes
We reasoned that the dynamic nature and potential importance
of a histone methylation mark in BAT development might be re-
flected by the expression pattern of its corresponding demethy-
lase. To this end, we used qRT-PCR to profile the expression of
this group of enzymes (Black et al., 2012; Mosammaparast and
Shi, 2010). Jmjd3, a demethylase for H3K27me3, was the only
one found to be both induced during brown adipogenesis and
have a higher level in BAT compared with WAT (Figures S1A–
S1C). Interestingly, H3K27me3-depositing enzyme, Ezh2, was
constantly expressed (Figure S1D), raising the possibility of a
counterbalance between Jmjd3 and Ezh2 in brown adipocytes.
Jmjd3 expression in BAT remained unchanged during acute
cold exposure (Figure S1E), similar to that of Prdm16 (Seale
et al., 2007). A correlation between Jmjd3 expression and
Ucp1 expression was observed at both high fat diet feeding con-
dition and obese state (Figures S1F and S1G). Overall, the Jmjd3
expression data indicate a possible role of H3K27me3 dynamics
in BAT development.
To obtain direct insights into the above possibility, we used
chromatin immunoprecipitation sequencing (ChIP-seq) as a dis-(C) Heat maps of mRNA levels of fat genes in soleus, eWAT and BAT, and heat ma
brown preadipocytes andmature adipocytes. Note, the lack of H3K27me3modifi
can be extended up to ±30 kb of nearest TSS.
See also Figure S1; Tables S1 and S2.
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brown preadipocytes, followed by ChIP-qPCR validation.
ChIP-seq shows that the H3K27me3 peaks (>3-fold enrichment
versus input) were primarily located at regions proximal to tran-
scription start sites (TSS) (Figure 1A), and 3,302 genes were
identified to possess this mark within ±1.5 kb of TSS (Table S1).
Surprisingly, initial data inspection found that BAT-selective
genes Ucp1 and Cidea and key BAT transcriptional regulators
including Prdm16, Ppara, and Pgc-1b, but not Pgc-1a, were
associated with H3K27me3 modification, whereas common fat
genes Fabp4 (also known as aP2) and Adipoq (also known as
Adiponectin) and the master adipogenic regulator Pparg were
devoid of this mark (Figure 1B). This led us to ask whether there
is a specific chromatin marking at BAT-selective genes by
H3K27me3 in preadipocytes. To test this idea, we performed
RNA-seq of BAT, epididymal WAT, and soleus muscle to
comprehensively identify BAT-selective genes, common fat
genes and WAT-selective genes, according to both their abso-
lute abundance and relative folds of expression, as described
in the Experimental Procedures. This gene expression profiling
produced a list of 26 BAT-selective genes, 42 common fat
genes, and 10 WAT-selective genes (Figure 1C; Table S2).
Remarkably, 13 of these 26 BAT-selective genes were marked
by H3K27me3, which was located within ±1.5 kb of TSS and
was often extended to a broad region (Figure 1C). In contrast,
only 4 out of the 52 common fat/WAT genes possessed this
epigenetic mark within ±30 kb of the nearest TSS (Figure 1C).
Next, we performed H3K27me3 ChIP-qPCR for all of these
selected genes. This analysis confirmed the unique chromatin
marking in a subset of BAT-selective gens (Figure 2A top;
Figure S2A top, black bars) and lack of H3K27me3 in 48 of 52
common/WAT genes (Figure 2A; Figure S2B), in brown preadi-
pocytes. It also identified an additional H3K27me3-marked
BAT gene that was not revealed by ChIP-seq (Figure S2C). Over-
all, the findings of our ChIP-seq and ChIP-qPCR experiments are
surprising, as it might be expected that WAT-selective genes are
more likely to be associated with the repressive H3K27me3mark
in BAT cells. To validate our observation, we examined an inde-
pendent set of nine WAT-selective genes, compiled by Seale
et al. based on microarray gene expression data (Seale et al.,
2007), and found that only one gene was marked by
H3K27me3 in our ChIP-seq dataset (Table S3). Together, our
global epigenetic and gene expression analyses reveal that
H3K27me3 marks a significant subset of BAT-selective genes
in brown preadipocytes (hypergeometric test, p = 1.6 3 105),
including both key transcriptional regulators and effectors, but
spares common fat genes and WAT-selective genes.
BAT-Selective Genes Possess Bivalent Domains that
Are Resolved to H3K4me3 during Brown Adipogenesis
In embryonic stem cells, many developmental regulators are
modified by both H3K27me3 and H3K4me3 and are thus poised
for future activation or repression (Bernstein et al., 2006; Mikkel-
sen et al., 2007). We determined whether bivalency exists inps of H3K27me3 fold enrichment values within ±1.5 kb of TSS of these genes in
cation for common fat genes andWAT-selective genes in brown preadipocytes
ier Inc.
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Figure 2. Bivalent Domains Are Present at
BAT-Selective Genes and Are Resolved to
H3K4me3 during Brown Adipogenesis
(A) ChIP-qPCR analyses of H3K27me3 and
H3K4me3 during adipogenesis of immortalized
brown preadipocytes. qPCR primers are located
within ±1.5 kb of TSS except for Pgc-1b gene,
whose primers are located at 11 kb. Signals of
IgG controls were all measured (not shown) and
were similar to the background signals of
H3K27me3 or H3K4me3 at genes that are not
modified. Data (mean ± SEM) are representative of
three independent ChIP experiments.
(B) 727 geneswereH3K27me3-markedwithin ±1.5
kb of TSS in mature brown adipocytes. Their
expression levels compared with those of all genes
in the genomewere shown by Boxplot. The p value
was calculated using Wilcoxon rank-sum test.
(C) Venn diagram showing the overlap of genes
marked by H3K27me3 within ±1.5 kb of TSS in
brown preadipocytes and mature adipocytes.
(D) Representative lineage-specific master tran-
scriptional regulators that were constitutively
modified by H3K27me3 in brown preadipocytes
and mature adipocytes.
See also Figure S2; Tables S3 and S4.BAT-selective genes and if so, examined its temporal changes
during brown adipogenesis. ChIP-qPCR analysis showed that
H3K4me3 was enriched at the TSS of H3K27me3-marked
BAT-selective genes in immortalized brown preadipocytes and
was preserved in mature brown adipocytes (Figure 2A, bottom).
Interestingly, despite lack of H3K27me3, Pgc-1a, and Fabp4
were already associated with H3K4me3 prior to gene activation,
whereas Pparg2 and Adipoq acquired H3K4me3 during differen-
tiation (Figure 2A, bottom). Importantly, the heavy H3K27me3
mark observed at the BAT-selective genes in brown preadipo-
cytes was largely removed during differentiation (Figure 2A,
top). All these results were recapitulated in primary brown adipo-
cyte differentiation (Figure S2). Additionally, we performed
H3K27me3 ChIP-seq analysis in mature brown adipocytes,
and confirmed the removal of H3K27me3 mark at these BAT-
selective genes (Figures 1B and 1C). A total of 727 genes were
found to be modified by H3K27me3 within ±1.5 kb of TSS in
mature brown adipocytes (Table S4), and as might be expected,
this group of genes, compared with the overall gene population,
displayed a significantly lower mRNA expression in BAT (Fig-
ure 2B), and were highly overlapped with genes identified in pre-Developmental Cell 35, 568–583,adipocytes (Figure 2C). Among them are
master transcriptional regulators of other
cell lineages (Figure 2D), suggesting that
they are permanently silenced by
H3K27me3 during brown differentiation.
Together, our analysis demonstrates that
a subset of BAT-selective genes is
marked by bivalent domains in lineage-
committed brown preadipocytes and
largely resolved to H3K4me3 during ter-
minal differentiation. Our data also reveal
that fat genes, although they share similartemporal mRNA expression profiles during adipogenesis,
display diverse histone methylation patterns.
Jmjd3-Catalyzed H3K27me3 Removal Is Required for
Ucp1 and Cidea Expression but Not for Adipogenesis
Per Se
Given the expression pattern of Jmjd3 (Figure S1) and the dy-
namic change of H3K27me3 (Figures 1B and 1C; Figure 2A; Fig-
ure S2), we determined the functional role of Jmjd3 during brown
differentiation. Lentiviral shRNA-mediated Jmjd3 knockdown
effectively reduced Jmjd3 mRNA and protein levels in brown ad-
ipocytes (Figures 3A and 3B), but had no effect on adipogenesis
per se, as indicated by oil red O staining (Figure 3A) and by
normal expression levels of common fat genes Fabp4, Adipoq,
and Pparg (Figure 3B), entirely consistent with our observation
that these common fat genes did not possess H3K27me3. We
next examined whether Jmjd3 controls the expression of
H3K27me3-marked BAT genes. Half of these H3K27me3-
marked genes including Ucp1, Cidea, and Ppara were sig-
nificantly downregulated by chronic knockdown of Jmjd3 in
immortalized brown adipocytes with lentiviruses (Figure 3B).December 7, 2015 ª2015 Elsevier Inc. 571
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Figure 3. Jmjd3 Is Required for Ucp1 and Cidea Expression but Not for Common Fat Gene Expression during Brown Adipogenesis
(A) Immortalized brown preadipocytes with Jmjd3 knockdown were differentiated into mature adipocytes. Oil red O staining of triglycerides and western blotting
of Jmjd3 protein were performed.
(B) Mature brown adipocytes generated as in (A) were analyzed for expression of common fat genes and BAT-selective genes (n = 3, mean ± SEM). *p < 0.05,
**p < 0.01, two-tailed Student’s t test.
(C) Jmjd3 was knocked down with adenoviruses in primary brown adipocytes at both differentiation Day 1 and Day 3. Oil red O staining, mRNA levels of fat genes
(n = 3, mean ± SEM) and protein levels of Ucp1 were measured at Day 6. *p < 0.05, **p < 0.01, two-tailed Student’s t test.
(D) Mature brown adipocytes generated as in (A) were either left untreated or treated with forskolin (10 mM) for 12 hr. Oxygen consumption was measured with a
Clark-type electrode without or with Oligomycin A (1 mM) (n = 3, mean ± SEM). *p < 0.05 relative to their respective scramble controls, two-tailed Student’s t test.
(E) Jmjd3 was knocked down with lentiviruses in brown preadipocytes. H3K27me3 levels were measured in mature adipocytes. Data (mean ± SEM) are
representative of three independent ChIP experiments.
(F) Brown adipocytes were treated with GSK-126 (2 mM) during differentiation. Gene expression and H3K27me3 were measured in mature adipocytes (n = 3,
mean ± SEM). *p < 0.05, **p < 0.001, two-tailed Student’s t test.
(legend continued on next page)
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Expression of Pgc-1b and Prdm16was barely changed, possibly
owing to incomplete Jmjd3 knockdown or presence of redun-
dant H3K27me3 demethylase Utx. Ebf2 and Tle3, important
transcription factors that regulate brown and white adipogene-
sis, respectively (Rajakumari et al., 2013; Villanueva et al.,
2013), aswell as Pgc-1a, were not affected by Jmjd3 knockdown
(Figure 3B), consistent with the lack of H3K27me3 modification
at their gene loci. Similar results were obtained by acute knock-
down of Jmjd3 with adenoviruses in primary brown adipocytes
(Figure 3C). Moreover, the effect of Jmjd3 knockdown is func-
tionally relevant, as total and uncoupled oxygen consumption
rate was significantly reduced at both basal and forskolin-stimu-
lated conditions (Figure 3D). Importantly, knockdown of Jmjd3
impaired H3K27me3 removal at TSS of Ucp1 and Cidea loci (Fig-
ure 3E). We further probed the importance of H3K27me3 depo-
sition and removal for Ucp1 expression with chemical inhibitors.
Inhibition of Ezh2 methylation activity with compound GSK-126
(McCabe et al., 2012) during brown adipogenesis strongly in-
hibited H3K27me3modification at Ucp1 promoter and increased
its expression (Figure 3F), whereas treatment of brown adipo-
cytes with Jmjd3 inhibitor GSK-J4 (Kruidenier et al., 2012) led
to a reduction of Ucp1 level (Figure 3G). Neither compounds pro-
duced any noticeable difference on adipogenesis per se (Figures
3F and 3G; Figure S3). Taken together, our data establish a caus-
ative role of H3K27me3 in repression of Ucp1 and Cidea expres-
sion in brown preadipocytes and demonstrate that Jmjd3 and its
demethylation activity are required for their induction during
brown adipogenesis.
Ectopic Expression of Jmjd3 Promotes Ucp1 Expression
in Mature Brown Adipocytes
Notably, H3K27me3 at the Ucp1 gene locus was not completely
erased in mature brown adipocytes, and approximately 10%–
20% was still retained (Figure 2A; Figure S2), possibly reflecting
a balance between Jmjd3 and Ezh2. The incomplete erasure of
H3K27me3 in brown adipocytes promoted us to assess the ef-
fect of ectopic expression of Jmjd3. Similar to Jmjd3 knockdown
cells, adenoviral overexpression of wild-type Jmjd3 or the deme-
thylation-defective point mutant H1388A (Akizu et al., 2010), had
no effect on brown adipogenesis or on Fabp4, Adipoq, and
PPARg gene expression (Figures 3H and 3I). Overexpression
of wild-type Jmjd3 induced the expression of Ucp1, Cidea,
and PPARa mRNA levels as well as Ucp1 protein level at both
basal and forskolin-stimulated conditions, whereas the
H1388A mutant had a dominant-negative effect, in particular in
the presence of forskolin (Figures 3I and 3J). We concluded
that Ucp1 level can be significantly elevated in mature brown ad-
ipocytes by increasing wild-type Jmjd3 expression.
Jmjd3 Facilitates the Browning of White Adipocytes
Subcutaneous inguinal WAT (iWAT) expresses much less but
considerable basal level of Ucp1 relative to BAT and possesses(G) Brown adipocytes at differentiation Day 6 were treated with GSK-J4 (25 mM)
t test) and Ucp1 protein were measured.
(H–J) Wild-type Jmjd3 or H1388A point mutant was overexpressed in brown adipo
treated with forskolin (10 mM) for 6 hr. Oil red O staining (H), gene expression (n =
**p < 0.01, relative to their respective GFP controls, two-tailed Student’s t test.
See also Figure S3.
Developmplasticity of developing into beige adipocytes. We determined
the status of H3K27me3 and bivalency at BAT genes of primary
iWAT preadipocytes isolated from 2-week-old mice. Similar to
what we observed in brown preadipocytes, ChIP-qPCR showed
that the same subset of BAT genes, but not common fat genes,
were demarcated by both H3K27me3 and H3K4me3 (Figure 4A).
Recent studies suggest that embryonic adipose precursor cells
and adult adipose precursor cells are two distinct populations
(Jeffery et al., 2015; Jiang et al., 2014). We found that primary
iWAT preadipocytes isolated from 2-month-old adult mice con-
tained both H3K27me3 and H3K4me3 modifications at the BAT
genes (Figure S4A), however, we noted that H3K4me3 level was
much lower comparedwith preadipocytes isolated from 2-week-
old mice, indicating that H3K27me3 modification is maintained,
but the presence or degree of other epigenetic modifications
might be different at BAT genes between the two adipose prea-
dipocyte populations. Interestingly, this unique H3K27m3
feature appears to be restricted to adipocyte lineage, as our sur-
vey of published ChIP-seq datasets of neural progenitor cells
(Mikkelsen et al., 2007) found that none of the top 26 BAT-selec-
tive genes we identified here was modified by H3K27me3.
Importantly, H3K27me3 was only partially removed during adi-
pogenesis and a large portion was still retained in mature iWAT
adipocytes (Figure 4A, top), when compared with mature BAT
adipocytes (Figure 2A; Figure S2, top), consistent with their dif-
ferential mRNA levels between iWAT and BAT.
We investigated the dynamic changes of H3K27me3 and the
importance of Jmjd3 for the browning of iWAT adipocytes. Treat-
ment of primary iWAT adipocytes with forskolin led to a strong
reduction of H3K27me3 at Ucp1 promoter (Figure 4B). In vivo,
whereas acute exposure of wild-typemice at 4Chad no obvious
effect, daily intraperitoneal injection of b3-adrenergic receptor
agonist CL-316243 for 10 days decreased H3K27me3 level (Fig-
ure 4C). We next tested whether the changes of H3K27me3 is
responsible for browning. More than half of the H3H27me3-
marked genes were downregulated in iWAT adipocytes isolated
from 2-week-old mice by Jmjd3 knockdown (Figures 4D and
4E, left). Importantly, inductionofUcp1by forskolinwasmarkedly
impeded (Figure 4E, right and 4F), which was also observed in
primary iWAT adipocytes isolated from adult mice (Figure S4B).
Conversely, overexpressionof Jmjd3 increasedUcp1expression
in a demethylase activity-dependent manner (Figure 4G). Previ-
ously, it was shown that Pparg agonists robustly promote brown-
ing of iWAT cells (Ohno et al., 2012; Vernochet et al., 2009). We
found that this browning process was associated with an
increased expression of Jmjd3 (Figure 4H) and a decrease of
H3K27me3 at Ucp1 promoter (Figure 4I). Importantly, PPARg
agonist-induced Ucp1 expression was strongly blocked by
Jmjd3 knockdown (Figure 4J) and by Jmjd3 inhibitor GSK-J4
(Figures 4K and 4L), yet the inhibitor did not affect Jmjd3 associ-
ation with the Rreb1-binding site on Ucp1 promoter (Figure S4C),
a site that Jmjd3 was shown to be recruited to (see belowfor 9 hr. Gene expression (n = 3, mean ± SEM, *p < 0.05, two-tailed Student’s
cytes at differentiation Day 4. At Day 6, adipocytes were either left untreated or
3, mean ± SEM) (I), and Ucp1 western blotting (J) were performed. *p < 0.05,
ental Cell 35, 568–583, December 7, 2015 ª2015 Elsevier Inc. 573
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Figure 7). Our data collectively suggest that BAT-selective genes
in iWAT are epigenetically poised for activation, which underlies
its developmental plasticity, and that Jmjd3-mediated demethy-
lation is a necessary step for browning of iWAT.
Wild-Type Jmjd3 Transgene Increases Ucp1 Expression
and Reduces Body Weight of Aged Mice
In light of the in vitro results described above, we investigated the
functional role of Jmjd3 in vivo. We used the Fabp4 promoter,
which starts to be active at early adipogenesis stage (Shan
et al., 2013), to express wild-type Jmjd3 transgene. As expected,
the transgene is expressed in BAT,WAT, andmacrophages (Fig-
ure 5A). An increase of Ucp1, Cidea, and PPARa expression was
observed in BAT of transgenic mice relative to control littermates
(Figure 5B). We then isolated primary brown preadipocytes from
the transgenic mice and differentiated them in vitro. These cells
displayed higher Ucp1 expression, suggesting a cell-autono-
mous effect (Figure 5C). Interestingly, although Ucp1 expression
remained unchanged in the iWAT tissue of the transgenic mice
(Figure 5B), it was increased in primary iWAT cells (Figure 5D),
which is consistent with induction of Ucp1 shown in Figure 4G
by virally ectopic expression of Jmjd3. Given these results, along
with diminished H3K27me3 modification at Ucp1 promoter eli-
cited by b3-adrenergic signaling (Figures 4B and 4C), we further
explored the effects of the transgene on iWAT. Remarkably,
Ucp1 level was highly induced (Figure 5E) concomitant with
reduction of H3K27me3 (Figure 5F) in Jmjd3 transgenic mice
compared with control littermates, when both were treated
with CL-316243 for 7 days, suggesting that ectopic expression
of Jmjd3 is capable of promoting browning of iWAT in vivo in
the presence of proper stimuli.
No body weight difference was found when animals were fed a
high fat diet (FigureS5A). It is possible that the inductionof endog-
enous Jmjd3by high fat diet (FigureS1F) rendered the exogenous
Jmjd3 transgene less important. ob/ob mice display a lower
expression of Jmjd3 and Ucp1 in BAT (Figure S1G; Figure 5G).
Indeed, H3K27me3 level at Ucp1 promoter was significantly
higher in BAT of ob/ob mice (Figure 5H). We thus introduced
the wild-type Jmjd3 transgene into this obesemodel. Our routineFigure 4. Bivalency of BAT Genes in iWAT Preadipocytes Is Partially
Adipocytes Requires Jmjd3
(A) ChIP-qPCR analyses of H3K27me3 and H3K4me3 at BAT genes in primary
measured (not shown) and were similar to the background signals of H3K27me
sentative of three independent ChIP experiments.
(B) Differentiated primary iWAT adipocytes were treated with forskolin (10 mM) fo
(mean ± SEM) are representative of three independent ChIP experiments. *p < 0
(C) Two-month-old male wild-type C57BL6 mice were injected intraperitoneally
(n = 4 mice/group, mean ± SEM) at Ucp1 TSS in iWAT tissue were measured. *p
(D–F) Primary iWAT preadipocytes were infected with Jmjd3 knockdown lentiviru
forskolin (10 mM) for 6 hr. Jmjd3 western blotting (D), gene expression (n = 3, mean
**p < 0.01, two-tailed Student’s t test.
(G) Differentiating primary iWAT preadipocytes were infected with Jmjd3 or H138
analyzed at Day 6 (n = 3, mean ± SEM). **p = 0.0001, two-tailed Student’s t test
(H and I) iWAT preadipocytes were treated with PPARg agonist rosiglitazone (
H3K27me3 level at Ucp1 TSS (I) (representative of two independent ChIP experi
(J) Primary iWAT preadipocytes were infected with Jmjd3 knockdown lentiviruse
Ucp1 mRNA (n = 3, mean ± SEM) was measured. *p < 0.05, **p < 0.01, two-taile
(KandL)Primary iWATpreadipocyteswere treatedwithRosiglitazone (1mM)andG
and H3K27me3 at Ucp1 TSS (representative of two independent ChIP experimen
See also Figure S4.
Developminspection did not find any noticeable effect of the transgene on
general development in the obese background; however, the
transgene resulted in a moderate but significant reduction of
body weight and white fat mass with no differences in food con-
sumption (Figure 5I). While these results are consistent with our
proposed role of Jmjd3 in energy metabolism, a detailed meta-
bolic analysis of ob/ob-Jmjd3 transgenicmice, including physical
activity, body composition, and indirect calorimetry, is necessary
in the future to better understand the underlying mechanism.
Aging leads to BAT dysfunction and diminished browning of
WAT in mice and humans (Rogers et al., 2012; Saito et al.,
2009; Sellayah and Sikder, 2014; Yoneshiro et al., 2011).
Because we observed that, similar to ob/ob mice, aged
C57BL6 mice also had less Jmjd3 expression in BAT compared
with young animals (Figure 5J), we have left Jmjd3 transgenic
mice and their control littermates to age on a normal chow diet.
We analyzed these animals when they were 13months old. Strik-
ingly, we found that the transgenic mice had a lower body weight
and fatmass, but had no difference in body length andweights of
other tissues, compared with control mice (Figure 5K). Isolated
BAT tissue from transgenic mice displayed higher oxygen con-
sumption rate (Figure 5L) and contained much less lipid droplets
(Figure 5M). Thus, the Jmjd3 transgene restores BAT function
and consequently curbs body weight gain in aged mice.
Alternatively activated (M2) macrophages, in an interleukin-4
(IL-4)-dependent manner, increase expression of catechol-
amine-synthesizing enzymes to promote BAT thermogenesis
(Nguyen et al., 2011). We think that it is highly unlikely that the
Jmjd3 transgene expressed in macrophages contributed to the
phenotypes of Jmjd3 transgenic mice. First, whereas the trans-
genic mice have doubled their Jmjd3 level in macrophages (Fig-
ure 5A), the basal level of Jmjd3 inmacrophageswasmuch lower
compared to those of BAT and iWAT (cycle number 27 for
macrophage versus 22–23 for BAT and iWAT; Figure S1B); sec-
ond, it was shown that Jmjd3 is not important for IL-4-mediated
M2 activation (Satoh et al., 2010); third, Jmjd3 transgenic and
control mice had similar expression levels of IL-4 and catechol-
amine-synthesizing enzyme tyrosine hydroxylase (Th) in adipose
tissue (Figure S5B).Resolved to H3K4me3 during Adipogenesis, and Browning of iWAT
iWAT preadipocytes and mature adipocytes. Signals of IgG controls were all
3 or H3K4me3 at genes that are not modified. Data (mean ± SEM) are repre-
r 6 hr or left untreated. H3K27me3 levels at Ucp1 TSS were measured. Data
.02, two-tailed Student’s t test.
daily with either PBS or CL-316243 (0.5 mg/kg) for 10 days. H3K27me3 levels
< 0.05, two-tailed Student’s t test.
ses and differentiated. Mature adipocytes were either untreated or treated with
± SEM) (E), and Ucp1western blotting (F) in the presence of forskolin. *p < 0.05,
8A point mutant overexpression adenoviruses at Day 3. Gene expression was
.
1 mM) during differentiation. Jmjd3 expression (H) (n = 3, mean ± SEM) and
ments) were measured. *p < 0.03, two-tailed Student’s t test.
s, and treated with PPARg agonist rosiglitazone (1 mM) during differentiation.
d Student’s t test.
SK-J4 (25mM) fromdifferentiationDay3 toDay6.Ucp1mRNA (n=3) andprotein,
ts) were measured at Day 6. *p < 0.05, **p < 0.01, two-tailed Student’s t test.
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Figure 5. Jmjd3 Transgene Promotes Ucp1 Expression in Adipose Tissue and Reduces Body Weight Gain in Aged Mice
(A) (Left) Relative mRNA levels of Jmjd3 in various tissues of wild-type Jmjd3 transgenic mice (n = 3 mice per genotype, mean ± SEM). *p < 0.05, **p < 0.01, two-
tailed Student’s t test. (Right) Jmjd3 protein levels in BAT and iWAT.
(B) Gene expression in adipose tissue of Jmjd3 transgenic mice (n = 4 mice per genotype, mean ± SEM). *p < 0.05, two-tailed Student’s t test.
(C) Ucp1 expression in cultured primary BAT adipocytes from Jmjd3 transgenic mice and control littermates (n = 3 mice per genotype, mean ± SEM). *p = 0.02,
two-tailed Student’s t test.
(D) Primary iWAT preadipocytes from Jmjd3 transgenic mice and control littermates were differentiated to mature adipocytes, and treated with forskolin (10 mM)
for 6 hr or left untreated. UCP1 expression was measured (n = 4 mice per genotype, mean ± SEM). *p < 0.05, **p < 0.01, two-tailed Student’s t test.
(legend continued on next page)
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Figure 6. H1388A Transgene Suppresses Browning of iWAT and Renders Aged Transgenic Mice Less Cold Tolerant
(A) (Left) Relative mRNA levels of Jmjd3 in various tissues of H1388A transgenic mice (n = 3 mice per genotype, mean ± SEM). **p < 0.01, two-tailed Student’s
t test. (Right) Jmjd3 protein levels in BAT and iWAT.
(B) Gene expression in adipose tissue of H1388A transgenic mice (n = 5 mice per genotype, mean ± SEM). *p < 0.05, **p < 0.01, two-tailed Student’s t test.
(C) Ucp1 protein levels in iWAT of 4-month-old H1388A transgenic mice.
(D) Ucp1 mRNA expression in cultured primary iWAT adipocytes from H1388A transgenic mice (n = 3 mice per genotype, mean ± SEM). **p < 0.01, two-tailed
Student’s t test.
(E) H&E staining (top) and Ucp1 immunofluorescence (bottom) of iWAT from 3-month-old H1388A transgenic mice. Left, control; Right, H1388A. Shown are
representative images (n = 3 mice per genotype). Green, Ucp1; blue, nuclei. Scale bar represents 200 mm.
(F) H3K27me3 level at TSS of Ucp1 gene in iWAT of H1388A transgenic mice (n = 4 mice per genotype, mean ± SEM). *p < 0.05, two-tailed Student’s t test.
(G) Body temperature of 10-month-old H1388A transgenic mice during a 7-hr cold exposure at 4C (n = 6–7 mice per genotype, mean ± SEM). *p < 0.05,
**p < 0.01, two-tailed Student’s t test.
See also Figure S6.Dominant-Negative Jmjd3 Transgene Suppresses
Browning of iWAT and Renders Aged Transgenic Mice
Less Cold Tolerant
To pinpoint the physiological consequence of loss of Jmjd3 in
adipose tissue, we generated transgenicmice expressing deme-
thylation-defective point mutant H1388A, which behaves as(E and F) Four-month-old Jmjd3 transgenic mice and control littermates were ip
H3K27me3 levels at Ucp1 TSS (F) were measured in iWAT tissues. *p = 0.03, tw
(G) Jmjd3protein levels inBATof 3-month-oldob/obmiceand leanmice. Jmjd3 lev
(H) H3K27me3 level at Ucp1 TSS in BAT of lean and ob/ob mice (n = 5 mice per
(I) Body weight, iWAT mass, and food intake of ob/obmice and ob/obmice carry
WT; Gray bar, TG. *p = 0.048, **p = 0.009, ***p = 2E-04.
(J) Jmjd3 expression in BAT of 3-month-old and 12-month-old wild-type C57B6 m
(K) Body weight, body length, and tissue weight of 13-month-old Jmjd3 transgenic
bar, WT; Gray bar, TG. *p < 0.05, **p < 0.01, two-tailed Student’s t test.
(L) Oxygen consumption of BAT isolated from 13-month-old Jmjd3 transgenic mic
tailed Student’s t test.
(M) H&E staining of BAT isolated from 13-month-old Jmjd3 transgenic mice and
Scale bar represents 200 mm.
See also Figure S5.
Developmdominant-negative (Akizu et al., 2010) (Figure 3I), under the con-
trol of aP2 promoter (Figure 6A). Whereas the H1388A transgene
only slightly affected Ucp1 expression in BAT, it resulted in a
50% reduction of Ucp1, Cidea, and PPARa mRNA as well as
Ucp1 protein in iWAT (Figures 6B and 6C). Again, expression
of IL-4 and tyrosine hydroxylase was unchanged in the adiposeinjected daily with CL-316243 (0.5 mg/kg) for 7 days. Ucp1 expression (E) and
o-tailed Student’s t test.
el in lane4wasvery low; a clear Jmjd3bandappearedwith longer exposure time.
genotype, mean ± SEM). **p = 0.003, two-tailed Student’s t test.
ing the Jmjd3 transgene (n = 7–8 mice per genotype, mean ± SEM). White bar,
ice (n = 5 mice per group, mean ± SEM). **p < 0.01, two-tailed Student’s t test.
mice and control littermates (n = 9–10mice per genotype, mean ± SEM).White
e and control littermates (n = 4mice per genotype, mean ± SEM). p < 0.01, two-
control littermates. Shown are representative images (n = 3 mice per group).
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tissue (Figure S6A). The decrease of Ucp1 expression was also
observed in primary iWAT adipocytes (Figure 6D). Mor-
phologically, the H1388A transgene consistently blocked the
occurrence of multilocular, brown-like adipocytes in iWAT, and
immunofluorescence staining showedmuchweaker Ucp1 signal
(Figure 6E). ChIP-qPCR analysis revealed that H3K27me3 level
at Ucp1 TSS was significantly increased in iWAT of H1388A
mutant mice (Figure 6F). These results together strongly suggest
a requirement of Jmjd3-mediated demethylation in the develop-
ment of beige adipocytes within iWAT. However, no body weight
difference was observed when the transgenic and control mice
weremaintained on a high fat diet for 8weeks (Figure S6B). Inter-
estingly, adult H1388A transgenic mice showed a lower body
temperature at a later time-point of cold challenging (FigureS6C).
In light of the phenotype of aged wild-type Jmjd3 transgenic
mice (Figures 5K–5M), we performed cold challenging experi-
ments with aged H1388A transgenic mice, and found that their
body temperature was significantly lower starting from 2 hr
timepoint onward, comparedwith control littermates (Figure 6G).
Overall, our gain-of-function and loss-of-function studies
provide compelling in vivo evidence that Jmjd3-mediated
H3K27me3 erasure is key to Ucp1 expression in adipose tissue,
and reveal importance of this epigenetic process in metabolic
physiology, in particular in the context of aging.
Transcription Factor Rreb1 Regulates Ucp1 and Cidea
Expression by Recruiting Jmjd3 to Target Promoters
To gain further insights into Jmjd3-catalyzed demethylation at
BAT-selective genes, we performed Jmjd3 ChIP-seq in brown
preadipocytes and adipocytes. Interestingly, the identified peaks
were not overlapped with H3K27me3 peaks, although four of six
randomly selected Jmjd3 peaks could be verified by Jmjd3
knockdown followed byChIP-qPCR (Figure S7A). Thus, it is likely
that the association of Jmjd3 with its demethylation targets in
brown adipocytes is highly transient that is difficult to be revealed
byChIP-seq,which is consistentwith thewidespreaddistribution
of H3K27me3 along gene loci. As an alternative, we compiled a
collection of H3K27me3 peaks located at promoter regions of
BAT-selective genes from our H3K27me3 ChIP-seq dataset,
and used them to perform de novo motif search. Three enriched
motifs, corresponding to binding sites for Rreb1, Foxa1, andFigure 7. Rreb1 Regulates Ucp1 and Cidea Expression by Recruiting J
(A) Motif search of H3K27me3 peaks identified Rreb1-binding site at Ucp1 and C
(B) Rreb1 expression in mouse tissues (n = 4 mice) and during brown adipogene
(C) Brown preadipocytes infected with Rreb1 knockdown lentiviruses were dif
(n = 3, mean ± SEM), and protein levels of Ucp1 were examined. *p < 0.05, **p <
(D) iWAT primary preadipocytes infected with Rreb1 knockdown lentiviruses wer
was examined. *p < 0.05, **p < 0.01, two-tailed Student’s t test.
(E) Stably expression of HA tagged Rreb1 in brown adipocytes at a physiologica
(F) ChIP-qPCR analysis of Rreb1 association with Rreb1-binding sites at Ucp1 and
representative of three independent experiments.
(G) ChIP-qPCR analysis of Jmjd3 association with Rreb1-binding sites at
Data (mean ± SEM) are representative of three independent experiments.
(H) Detection of Rreb1 in Jmjd3 immunoprecipitates isolated from brown adipoc
(I) Brown preadipocytes were infected with Rreb1 knockdown lentiviruses. Adeno
was examined at Day 6 (n = 3, mean ± SEM). **p < 0.01 relative to GFP, two-tail
(J) ChIP-qPCR analysis of H3K27me3 levels at Ucp1 and Cidea promoters in
representative of three independent experiments.
(K) A proposed model based on our studies.
See also Figure S7.
DevelopmSpi-B, were identified. We focused on Rreb1, as genome-wide
studies identified an association of Rreb1 locus with type 2 dia-
betes and central obesity (Liu et al., 2013; Mahajan et al., 2014;
Scott et al., 2012), although the exact role of Rreb1 in adipocyte
biology was unknown. Rreb1-binding site (Figure 7A) was found
in both Ucp1 and Cidea promoters, but its presence in other BAT
gene promoters is not evident. We thus investigated Jmjd3
recruitment at Ucp1 and Cidea promoters. Given the lack of
obvious Rreb1-binding sites, the widespread distribution of
H3K27me3 and the potential transient action of Jmjd3, we have
not attempted to examine Jmjd3 recruitment at other
H3K27me3-modified promoters. Rreb1 gene was ubiquitously
expressed, but showed a relatively higher level in adipose tissue,
andwasstrongly inducedduringbrownadipogenesis (Figure7B).
We found that knockdown of Rreb1 downregulated Ucp1 andCi-
dea expression but had no effect on brown adipogenesis (Fig-
ure 7C), which mirrors the phenotype of Jmjd3 knockdown.
Similar results were obtained in iWAT adipocytes (Figure 7D).
We next determined whether Rreb1 protein interacts with the
Ucp1 and Cidea promoters. Because commercially available
Rreb1 antibodies we tested were of poor quality, we used lenti-
virus to stably express HA tagged Rreb1 in brown adipocytes
at a physiological level (Figure 7E), and performed ChIP assay
with an HA antibody. We found that Rreb1 associated with the
Rreb1-binding sites at the Ucp1 and Cidea promoters in brown
adipocytes (Figure 7F). Jmjd3 was also present at these sites,
but its association disappeared with either Jmjd3 knockdown
(Figure S7B) or Rreb1 knockdown (Figures 7G; Figure S7C), sug-
gesting that the Rreb1 plays a part in the initial recruitment of
Jmjd3 to Ucp1 and Cidea promoters. In support of this idea,
our co-immunoprecipitation experiments showed that Jmjd3
associated with Rreb1 at physiological levels in brown adipo-
cytes (Figure 7H), most likely via its N-terminal half (Figure S7D).
Thus, theremight be a functional dependency of Jmjd3 onRreb1.
Indeed, Jmjd3-inducedUcp1 expressionwas abolished in Rreb1
knockdown brown adipocytes (Figure 7I). Possibly owing to
diminished association of Jmjd3 with Ucp1 and Cidea promoters
(Figure 7G; Figure S7C), Rreb1 knockdown led to higher levels of
H3K27me3 modification at these promoters (Figure 7J). Our
results together uncover a role of Rreb1 in Ucp1 and Cidea
expression and suggest that Rreb1-mediated initial recruitmentmjd3 to Their Promoters
idea promoters.
sis. Data are mean ± SEM.
ferentiated into mature adipocytes. Adipogenesis, mRNA levels of fat genes
0.01, two-tailed Student’s t test.
e differentiated into mature adipocytes. Gene expression (n = 3, mean ± SEM)
l level.
Cidea promoters in brown adipocytes generated in (E). Data (mean ± SEM) are
Ucp1 promoters in brown adipocytes with lentiviral Rreb1 knockdown.
yte extracts.
viruses expressing Jmjd3 was added at differentiation Day 3. Gene expression
ed Student’s t test.
brown adipocytes with lentiviral Rreb1 knockdown. Data (mean ± SEM) are
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is required for Jmjd3-catalyed demethylation at Ucp1 and Cidea
promoters. Because Rreb1 is not a BAT-specific protein, addi-
tional components or signaling pathways are likely to be involved
in Jmjd3 recruitment. Moreover, how Jmjd3 is recruited to other
BAT gene promoters to remove H3K27me3 is an interesting
question. Detailed mapping potential Jmjd3-associated sites
and identifying additional Jmjd3-interacting factors will help to
answer this question in the future.
DISCUSSION
BAT-selective gene expression program is in part controlled by
transcriptional co-activators that are not shared by common
fat gene expression program (Seale et al., 2007; Uldry et al.,
2006); however, it is not known whether BAT genes are specified
by unique sets of chromatin marks and chromatin-modifying en-
zymes. In this study, through a combination of global RNA-seq
and ChIP-seq analyses, we discovered that a significant subset
of BAT genes, including key transcriptional regulators and effec-
tors, are demarcated by bivalent domains at promoter/TSS re-
gions in preadipocytes. Strikingly, common fat genes and WAT
genes are devoid of H3K27me3 mark. These unexpected find-
ings lead us to speculate that, in addition to being as a roadblock
for premature BAT gene expression, H3K27me3might serve as a
positive ‘‘tag’’ that can be recognized by BAT-selective tran-
scriptional machinery. This recognition and subsequent de-
methylation might help to set up a productive transcriptional
activating complex, driving BAT-selective gene expression.
Thus, specificities of BAT gene program versus common fat
gene program are not only determined by distinct transcriptional
regulators, but also reinforced by chromatin configuration. Inter-
estingly, we found that this unique chromatin signature exists in
white preadipocytes as well, and the degree of H3K27me3
removal correlates with Ucp1 expression. Moreover, browning
of WAT adipocytes induced by b3-adrenergic receptor signaling
is associated with significant removal of H3K27me3 at Ucp1
promoter both in vitro and in vivo. Our data suggest that BAT-se-
lective genes are epigenetically poised for activation in white ad-
ipocytes, thus providing one facet of our understanding of
WAT plasticity. In particular, our data are consistent with two
studies showing the bipotential of adipocyte precursors
(Lee et al., 2012) and the reversible nature of mature beige
adipocytes (Rosenwald et al., 2013). One interesting question
arising from our work is: What are the molecular constraints
that deny H3K27me3 deposition at common fat and WAT-selec-
tive genes, while it permits the modification at BAT-selective
genes?
It is important to note that our current studies focused on the
terminal differentiation stage from preadipocytes to adipocytes,
and did not provide clues to any developmental relationship
between BAT and beige adipocytes or between embryonic
and adult adipose progenitors. In fact, BAT and beige adipo-
cytes are suggested to arise from different developmental ori-
gins (Lepper and Fan, 2010; Long et al., 2014; Seale et al.,
2008). Likewise, while embryonic and adult adipose progenitors
are suggested to be two distinct pools (Jeffery et al., 2015;
Jiang et al., 2014), we found that their derived preadipocytes
both possess H3K27me3 mark at the BAT-selective genes.
Indeed, further analysis of public ChIP-seq datasets indicates580 Developmental Cell 35, 568–583, December 7, 2015 ª2015 Elsevthat this unique chromatin marking is restricted to adipocyte
lineage. However, we do not know yet whether H3K27me3
modification at BAT-selective genes is already present in
adipocyte progenitor cells, or is gained during their transition
to preadipocytes. Future work is necessary to determine the
whole spectrum of epigenetic signatures during brown fat line-
age progression. In this regard, a study by Ohno et al. shows
that methyltransferase Ehmt1 deposits H3K9me2 and
H3K9me3 marks at skeletal muscle-selective gene promoters
to repress myogenic program, which in turn promotes brown
adipogenesis, suggesting a key role of Ehmt1-catalyzed
H3K9 methylation for cell fate switch from Myf5+ precursors
to brown preadipocytes (Ohno et al., 2013). Our work pre-
sented here together with their studies suggests fundamental
roles of epigenetic marks in specifying diverse gene expression
programs during BAT development.
Our results show that Jmjd3-mediated demethylation is
required for browning of iWAT in vivo. Whereas metabolic phe-
notypes are minor or are not particularly evident at young/adult
stage, aged gain- and loss-of-function Jmjd3 transgenic mice
display body weight reduction and cold intolerance, res-
pectively. Interestingly, Ucp1 transgenic mice have been
shown to have age-dependent decreases of body weight
and fat mass (Kopecky et al., 1995). These results suggest
that energy expenditure function of BAT and beige adipocytes,
specifically the underlying Jmjd3 pathway, may become much
more important in aged mice for controlling body weight
and maintaining body temperature. This increasing demand
might be evoked at least in part by age-associated decreases
of Jmjd3 expression and thermogenic function in adipose
tissue.
In summary, our work reveals an epigenetic pathway that
selectively prepares, safeguards, and executes a BAT gene pro-
gram, and offers molecular insights into our understanding of
BAT development and browning of WAT.
EXPERIMENTAL PROCEDURES
Adipocyte Culture and Differentiation
Immortalized BAT preadipocytes were generated previously (Pan et al., 2009).
Primary BAT preadipocytes were isolated from neonatal C57BL6/J mice. Pri-
mary iWAT preadipocytes were isolated from 2-week-old C57BL6/J mice,
unless otherwise indicated. Tissues were collagenase digested, and were
differentiated into mature adipocytes as described (Ohno et al., 2012; Pan
et al., 2014; Tseng et al., 2004); cells that display at least 95% differentiation
efficiency were used in experiments. Ezh2 inhibitor GSK-126 (Xcessbio, no.
M60071-2S) and Jmjd3 inhibitor GSK-J4 (Tocris, #4594) were added at indi-
cated differentiation time points at a concentration of 2 mM and 25 mM,
respectively.
Animals
Full-length wild-type Jmjd3 and H1388A point mutant were fused downstream
with the 5.4 kb Fabp4 (aP2) promoter. The transgenic DNA fragment was gel-
purified and injected into fertilized embryos harvested from C57BL/6 3 SJL
hybrid mice. Transgenic lines were backcrossed with C57BL/6 for at least
three generations. Heterozygous leptin-deficient mice were purchased from
Jackson Laboratory (stock no. 000632). Core body temperature was
measured with the Microtherma 2 rectal probe (Thermoworks) after animals
have been pre-handled for 1 week. Gender-matched littermate controls
were used in all the experiments related to transgenic mice. The University
of Massachusetts Medical School’s Institutional Animal Care and Use Com-
mittee approved all the animal studies.ier Inc.
RNA-Seq
Total RNA was isolated from BAT, epididymal WAT (eWAT), and soleus of
3-month old C57BL/6J male mice (n = 3 mice) using TRIzol Reagent. Four mi-
crograms of total RNA was used to construct biologically triplicate sequencing
libraries essentially according to Illumina TruSeq RNA Sample Preparation v2
Guide. Amplified libraries were sequenced on an Illumina HiSeq 2000 system.
RNA-seq 100 base pair single-end reads were binned according to six base
pair barcode using a perl script written in house. Reads with barcode removed
were mapped to the mouse genome (mm9) using TopHat, followed by running
Cufflinks to assemble and quantify transcriptome (Trapnell et al., 2012). Tran-
script abundances were presented as FPKM (Fragments Per Kilobase of
transcript per Million mapped reads). Differential expression analysis was per-
formed using Cuffdiff (Trapnell et al., 2012). Genes with q value < 0.05 are
considered statistically significant.
The following criteria that took both transcript abundance and relative fold
into consideration were used to identify fat type-selective genes: BAT-selec-
tive genes: transcript abundance in BAT >50 FPKM, and relative fold of BAT
versus eWAT >8-fold, and relative fold of BAT versus soleus >8-fold; WAT-se-
lective genes: transcript abundance in eWAT >250 FPKM, and relative fold of
eWAT versus BAT >5-fold, and relative fold of eWAT versus soleus >5-fold;
Common fat genes: transcript abundance in eWAT >250 FPKM, and relative
fold of eWAT versus soleus >5-fold, and relative fold of eWAT versus BAT
<5-fold.
The criteria used here allowed us to pick up a number of top and highly confi-
dent BAT-selective, common fat, and WAT-selective genes. First, we noticed
that the FPKM values for BAT-selective genes are in general much lower than
those for common fat genes andWAT-selective genes, which can also be seen
by comparing their respective RNA-seq heat maps in Figure 1C. If we use 250
FPKM for BAT, we will have very few BAT-selective genes. On the other hand,
if we use 50 FPKM for common fat andWAT, we will have many genes that are
not fat genes. Second, because of the general low FPKM of BAT-selective
genes, we had to use fold change of 8 (instead of 5) to filter out genes that
are not necessarily BAT-selective. Indeed, if we used fold change of 5 as a cut-
off for BAT-selective genes, we found that most of the new genes are also ex-
pressed with a high level in other tissues by cross-examining with published
RNA-seq datasets (Shen et al., 2012).
ChIP-qPCR
Standard ChIP assays were performed as described in the Supplemental
Experimental Procedures with antibodies against H3K27me3 (Millipore, no.
07-449), H3K4me3 (Abcam,no. #ab8580), HA tag (Sigma, no. H6908), Jmjd3
(Abcam, no. ab85392), or normal rabbit IgG.
ChIP-Seq
H3K27me3 (Millipore, no. 07-449) ChIP was performed as described in the
Supplemental Experimental Procedures.
Libraries was prepared from 30 ng of ChIP or input DNA samples following
Illumina’s protocol of ChIP-seq Sample Prep kit except that AMPure XP beads
(BeckmanCoulter Genomics, no. A63881) instead of PCRpurification columns
were used for cleaning. Approximately 250–325 bp adaptor ligated library frag-
ments selected by gel electrophoresis were sequenced on an Illumina HiSeq
2000 system. The ChIP-seq was done as a discovery assay with one replicate;
findings from this experiment were to be further confirmed by ChIP-qPCR.
Reads with barcode removed were mapped to the mouse genome
(mm10) using bowtie version 0.12.9 (Langmead et al., 2009) with
parameters set as -v 2 -m 1-best-strata. Peak calling was carried out by
running MACS version 1.4.1 (Zhang et al., 2008) with parameters set as -g
mm -f BOWTIE -s 20-wig-nomodel-bw = 150-shiftsize = 75. A p value of
1 3 105 was used as a cut-off. Furthermore, we required that peaks
must have at least 3-fold enrichment over input. Peak annotation was per-
formed using ChIPpeakAnno (Zhu et al., 2010).
Motif Search
We selected 29 H3K27me3 peaks from promoter/TSS regions of 17 BAT-
selective genes for motif search. Motifs were discovered by R/Bioconductor
package rGADEM with default settings (Mercier et al., 2011). We accepted
all motifs that showed significant similarity to known JASPAR motif by R/Bio-
conductor package MotIV (Mercier et al., 2011).DevelopmStatistical Analysis
Two-tailed Student’s t test was used for statistical analysis unless otherwise
indicated. A p < 0.05 was considered significant. Data are presented as
mean ± SEM.ACCESSION NUMBERS
The accession numbers for the raw data of RNA-seq and ChIP-seq reported in
this paper are GEO: GSE56367 and GEO: GSE55469, respectively.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and four tables and can be found with this article online at
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